The local structure of SnTe has been studied using atomic pair distribution function analysis of x-ray and neutron data. Evidence is found for a locally distorted high-temperature state, which emerges on warming from an undistorted rocksalt structure. The structural distortion appears rapidly over a relatively narrow temperature range from 300 to 400 K. A similar effect has been reported in PbTe and PbS and dubbed emphanisis; here we report on emphanisis in a compound that does not contain Pb. The analysis suggests that this effect is unrelated to the low-temperature ferroelectric state in SnTe.
I. INTRODUCTION
In the canonical view of structural transformations, a low-symmetry ground state evolves into a higher symmetry state on warming. [1] [2] [3] [4] [5] [6] [7] However, it is not uncommon to observe broken-symmetry states in the high-temperature phase which are spatially disordered and/or fluctuating. [8] [9] [10] [11] [12] These states often arise as a legacy of the low-symmetry ground state as such systems pass through an order-disorder phase transition, e.g., in LaMnO 3 , 13, 14 BaTiO 3 , [15] [16] [17] [18] and GeTe. 19, 20 However, the emergence of a locally broken symmetry state from a high-symmetry state is rare and unusual. Recently, an example of such an exception was found in the high performance thermoelectric PbTe and its relative PbS-an unexpected appearance of local fluctuating Pb displacements on warming. 21 Here, we show that SnTe exhibits this phenomenon as well, revealing insights into its origin.
The rocksalt structure of these materials (PbTe, PbS, and SnTe) is undistorted near room temperature but becomes locally distorted on warming, though without a corresponding change in the average crystal structure. This phenomenon is unique among high-symmetry systems and has been called emphanisis, 21 meaning the appearance of a low-symmetry state from a high-symmetry state on warming by virtue of a well defined displacement of atoms from their centrosymmetric positions. Emphanisis may explain some anomalies seen in these systems, 22 such as the unusual temperature dependence of the band gap 23 and the very low lattice thermal conductivity. 24 However, since its discovery, a controversy has developed regarding the existence, origin, and ubiquity of emphanisis. Atomic pair distribution function (PDF) analysis, which simultaneously probes both average and local atomic structure, revealed a local off-centering of Pb in PbTe and PbS as large as 0.25Å. 21 This picture was supported by maximum entropy analysis of single-crystal diffraction data 25 as well as ab initio molecular dynamics calculations. 26, 27 On the other hand, a recent extended x-ray-absorption fine-structure study 28 found no evidence of Pb off-centering within the resolution of the measurements. Based on first-principles calculations 29 and inelastic neutron scattering (INS) measurements 30 it has been suggested that lattice anharmonicity is behind the effect in PbTe. However, INS studies have also revealed the appearance of a new phonon mode on warming, suggestive of dynamic symmetry breaking. 31 Since PbTe is an incipient ferroelectric, 32, 33 it was speculated that the emphanitic regime resembles the paraelectricdipole-like state often found above a ferroelectric ground state. 21 Hartree-Fock and density functional calculations have supported this notion, revealing the existence of a second minimum in the energy landscape of PbS, with a ferroelectric α-GeTe-type structure. 34 However, a complete understanding of the true nature of the emphanitic distortion remains elusive.
Here, we present a detailed temperature-dependent x-ray and neutron PDF structural study on SnTe. Not only is SnTe isostructural to PbTe at room temperature, but it also displays a low-temperature ferroelectric phase. 35, 36 We show that SnTe exhibits a crossover to an emphanitic phase above 300 K, displaying clear signatures of off-centering displacements in the high-temperature regime. This crossover occurs over a relatively narrow temperature range of approximately 100 K, with no appreciable further evolution of the underlying distortions above 400 K. This temperature dependence strongly supports the notion that emphanisis is truly a novel transformation from a higher to a lower local symmetry rather than thermal motion of atoms in a single-welled anharmonic potential. The results further suggest that the emphanitic behavior is not related to the ferroelectric state, but is a completely distinct phenomenon.
II. METHODS
Stoichiometric amounts of Sn and Te (∼10 g) were combined in a 13-mm fused silica tube, which was then evacuated to 10 −4 mbar and flame sealed before being placed in a computer-controlled furnace. The reactants were heated to 1273
• C over 24 h, held at 1273
• C for 2 h, rocked for ∼5 s to ensure a homogeneous melt, and then cooled to room temperature in 24 h. The resulting polycrystalline samples were ground into powders for x-ray and neutron total scattering experiments, performed at the X17A beam line of the National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory (BNL) and at the Neutron Powder Diffractometer (NPDF) 37 at Los Alamos Neutron Science Center (LANSCE) at Los Alamos National Laboratory, respectively. Data were collected in the 15-500 K temperature range in 3 and 50 K steps for x-ray and neutron data, respectively. High-resolution PDFs were obtained via Fourier transform of the measured total scattering structure functions up to Q max = 26Å using standard protocols. 38, 39 Data reduction to obtain the PDFs was carried out using the programs PDFgetX3 (Ref. 40) and PDFgetN (Ref. 41 ) for x-ray and neutron data, respectively. The radial distribution function (RDF), R(r), was also calculated by standard methods. 38 The RDF has the useful property that bonds between atoms moving in harmonic potentials are represented by Gaussian peaks with zero offset.
III. RESULTS AND DISCUSSION
The low-temperature ferroelectric phase of SnTe is rhombohedral (R3m), transforming to cubic (F m3m) at ∼100 K on warming (the exact value of the transition temperature is dependent on carrier concentration 42 ). GeTe is the only other known ferroelectric binary chalcogenide, with a [111]-type atomic off-centering as large as 0.3Å. 43 The symmetry of the ferroelectric phase in SnTe is identical, but with atomic displacements an order of magnitude smaller. Despite the small distortion, the ferroelectric transition can be clearly seen in our data in both the local and average structures with a T c of ∼80 K, as shown in the inset to Fig. 1(a) . Above T c both the local and average structures become cubic as shown by the fits in Fig. 1 . The fits are exceptionally good, which vouches for the high quality of our data and lends confidence to the claim that the cubic model accurately describes the average and local structure at this temperature.
We now consider the evolution of the local structure with temperature in SnTe. Figure 2(a) shows the first four peaks of the x-ray RDF at selected temperatures. 10 and 150 K are representative of the rhombohedtral and cubic phases, respectively. At 150 K the RDF peaks are at the characteristic positions for a rocksalt structure with the first peak coming from Sn-Te nearest-neighbor pairs, the second from nextnearest-neighbor pairs (Sn-Sn and Te-Te), etc. [see inset to Fig. 2(a) ]. At this temperature the peaks are Gaussian functions convolved with a sinc function coming from the finite-range Fourier transform. 38 The Gaussian line shape is characteristic of quasiharmonic thermal motion around a single average bond length. 38 Note that the first peak appears slightly asymmetric with additional weight on the high-r side of the peak. However, the higher-r peaks are more symmetric-this is typical of anharmonic motion of atoms in a single welled potential.
The RDF at 10 K is similar; the first four peaks appear symmetric and Gaussian. The peaks are narrower and taller, with larger termination ripples, which is expected from the reduced thermal motion. That the rhombohedtral distortion does not dramatically alter the peak shapes at this temperature is not surprising given the size of the atomic displacements; the local distortion is quite small (the relative sublattice shift is ∼0.02Å) and cannot be casually noticed at this length scale without careful fitting.
The RDF at 500 K, however, differs dramatically from those at 15 and 150 K. It is clear that the first peak is not only asymmetric, but is composed of two or more incompletely resolved peaks. In fact, each of the first four peaks appears to be multicomponent. As noted above, a non-Gaussian nearestneighbor peak shape may be ascribed to anharmonicity in a single-welled potential. However, the appearance of the first four RDF peaks at 500 K indicates the existence of multiple, incompletely resolved long and short bond peaks, consistent with the presence of local atomic displacements away from the average rocksalt arrangement. The multivalued peaks are similar to what was observed in PbTe, 21 though the effects appear much more pronounced in the current case. RDFs obtained from neutron data [ Fig. 2(b) ] confirm these observations-the low-r peaks at 15 and 150 K are highly symmetric, while the 450-K RDF clearly shows peak splitting in each of the first four peaks.
In order to determine the temperature at which these distortions to the local structure emerge we show the evolution of the first four x-ray RDF peaks in a waterfall plot from 100 to 500 K [ Fig. 2(c) ]. Visual inspection of the data shows that the peaks broaden but remain mostly symmetric up to ∼300 K. Above 300 K peak splitting becomes apparentmost noticeably, the third peak grows both high-r and low-r shoulders and the fourth peak splits into two peaks. By 400 K these effects appear to saturate and the distortion does not grow appreciably from 400 to 500 K.
To quantify the temperature dependence of this local distortion the x-ray PDFs were fit with a cubic model (F m3m) from 2.5 to 30Å over the entire temperature range studied. Although excellent fits were obtained for all temperatures, anomalies were observed in the isotropic atomic displacement parameters (ADPs), U iso , which are intended to capture thermal motion, but can also record static atomic displacements that are not allowed by the model. Figure 3(a) shows the temperature dependence of U iso for Sn and Te obtained from the fits. Both curves follow linear trends in the 100-300-K range. However, below 100 K and above 300 K there is an upward deviation.
The canonical behavior of ADPs is often described by a Debye model 44 with two free parameters: the Debye temperature D and an effective offset that is sensitive to static or nonthermal disorder in the material. Best fits to the experimental U iso curves were made for the 100-300-K range; these are represented as dashed black lines in Fig. 3(a) . The resulting Debye temperatures were 178(1) and 139(2) K for Sn and Te, respectively, in agreement with earlier reports. 45, 46 The deviation below 100 K can be readily explained by the phase transition to a long-range-ordered rhombohedral structure. When an incorrect structural model is used to fit PDF data the fit will respond by setting the ADPs to anomalously large values. However, the remarkable result of this experiment is the observation of a similar upward deviation in U iso occurring on warming near room temperature, although there is no long-range structural phase transition at 300 K or above. At temperatures above 400 K the U iso curves match the slopes of those below 300 K, but with offsets larger by 0.002(1)Å 2 and 0.003(1)Å 2 for Sn and Te, respectively, corresponding to root-mean-square local atomic displacements of ∼0.05Å. Models explicitly allowing for local distortions produced still larger atomic off-centering of 0.1-0.2Å in the saturation region (400-500 K). The temperature response and distortion size are similar to what was observed in the emphanitic phase of PbTe and PbS. 21 The crossover behavior may be isolated from the underlying thermal effects by subtracting the lower offset Debye curve from the experimental data as shown in Fig. 3(b) . Doing so clearly defines two transformations: a phase transition at 80 K where both the local and average structures simultaneously change, and a crossover above 300 K that we ascribe to emphanisis, where the sample becomes locally distorted while the global symmetry remains cubic. These transformations are separated by 200 K, suggesting that the emphanitic and ferroelectric phases are not closely related. Additionally, the emphanitic phase shows local atomic off-centering that is an order of magnitude larger than that observed in the ferroelectric phase. Thus, the emphanitic phase does not appear to be a re-entrant phenomenon.
Further evidence that the emphanitic distortion is unrelated to ferroelectricity comes from a comparison of the symmetries of the two regimes. In the absence of a specific model for the emphanitic phase, it is useful to directly compare raw PDF data. As previously mentioned, the symmetry of the ferroelectric phase is the same as that found in α-GeTethe unit cell undergoes a rhombohedral distortion and the sublattices separate along the [111] direction. As shown in Fig. 4(a) for GeTe this distortion splits the nearest-neighbor PDF peak by ∼0.3Å, but leaves the lattice repeat distance at r = 6Å unchanged, a general feature of the R3m ferroelectric distortion in binary chalcogenides. As shown in Fig. 4(b) a similar splitting is observed in the nearest-neighbor peak in the emphanitic phase of SnTe. However, in this case the lattice repeat distance also appears split by nearly 0.2Å. This provides model independent evidence that the emphanitic distortion in SnTe does not share the same [111] symmetry as the low-temperature ferroelectric phase, in agreement with earlier PDF and diffraction results from PbTe. 21, 25 Several models allowing for atomic off-centering were applied to the SnTe PDFs to determine the correct symmetry of the emphanitic phase. Although none of the distorted structures exactly reproduced all the low-r features of the emphanitic PDFs the best approximation was a [100] PbO-like distortion; 47 this structure was identified as the most likely symmetry of the emphanitic state in PbTe. 21, 25 
IV. CONCLUSION
The nature of the emphanitic behavior in SnTe allows us to answer key questions about the effect. First, it is not, as previously supposed, 21 related to fluctuations of the incipient ferroelectric state of the material. Second, as indicated by the abrupt temperature response, it is unlikely to originate from simple anharmonic effects. 30 Pb and Sn both possess an electron lone pair (LP) which can be in an active (LPA: resulting in a low-symmetry structure) or inactive (LPI: resulting in a high-symmetry structure) state depending on the compound in question. [48] [49] [50] [51] A possible explanation for emphanisis is a crossover from an LPI state at low temperature to an LPA state at high temperature, brought on by the dramatic lattice expansion in these materials. Our results suggest that there may be a broad class of compounds that display emphanitic behavior, prompting further studies to identify these materials. Additionally, theoretical calculations and modeling of the physical properties of the IV-VI materials already identified should take the emphanitic behavior into account. 
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